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Abstract. The transport of relativistic electrons generated in the interaction of
petawatt class lasers with solid targets has been studied through measurements of
the second harmonic optical emission from their rear surface. The high degree of
polarization of the emission indicates that it is predominantly optical transition
11 Author to whom any correspondence should be addressed.
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2radiation (TR). A halo that surrounds the main region of emission is also
polarized and is attributed to the effect of electron recirculation. The variation
of the polarization state and intensity of radiation with the angle of observation
indicates that the emission of TR is highly directional and provides evidence for
the presence of µm-size filaments. A brief discussion on the possible causes of
such a fine electron beam structure is given.
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1. Introduction
The study of electron transport through dense plasmas is an active area of research of importance
to many applications. Relativistic electrons generated in high-intensity laser–solid interactions
can pass through the critical surface, where the laser energy is mostly absorbed, and continue,
free from the influence of the laser, through to the rear surface of the target. The propagation of
this large current of electrons can be affected by self-generated electric and magnetic fields, as
well as collisions. A better understanding of this transport is a key issue for the success of the
fast ignitor approach to inertial confinement fusion [1, 2] and may lead to optimization of ion
acceleration from laser-irradiated solid targets [3, 4].
Electron transport has been studied by Kα and extreme ultraviolet (XUV) emission [5, 6],
shadowgraphy [7]–[9] and optical emission [10, 11]. In particular, the divergence and temporal
modulation of the electrons have been investigated by spatially and spectrally resolving rear-
surface optical radiation [10]–[14]. This radiation can be attributed to thermal, synchrotron,
transition radiation or coherent wake emission (CWE) [15].
These different mechanisms of emission can be distinguished by their polarization
characteristics. Thermal (blackbody) radiation is not expected to be polarized. Synchrotron
radiation (SR) is mainly polarized in the plane of motion of the electrons [16]. In our case it
would be produced by electrons being pulled back by the electrostatic field that builds up at the
back of the target [10], so that the polarization would vary across the emission region, depending
on the direction in which electrons travel before restriking the surface. CWE is polarized in the
plane of polarization of the laser field and is mainly emitted in the direction of propagation of
the laser field [15]. Transition radiation (TR) is also polarized; its properties will be discussed
in section 2.
In this paper, we present the first spatially resolved measurements of the polarization of
the second harmonic optical emission from the rear of solid targets irradiated by high-intensity
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3lasers. The radiation is found to be uniformly polarized over the emission region, with a degree
of polarization dependent on the orientation of the target rear surface, demonstrating that it
is predominantly TR. The strong variation of the signal with the orientation of the target rear
surface (or, in other words, of the angle of observation) reveals that, at high laser intensities, fast
electrons propagate in micron-size filaments. Moreover, imaging the TR far from the laser axis
gives direct evidence of the presence of recirculating currents.
This paper is organized as follows. The polarization and general properties of TR are briefly
discussed in section 2. In section 3 we describe the results of two independent experiments,
which were performed on the Vulcan CPA laser system at the Central Laser Facility. The
results of section 3 are further discussed in section 4 and a brief summary of the paper is given
in section 5.
2. Polarization properties of transition radiation (TR)
The total emitted energy of the TR per unit angular frequency and unit solid angle can be written
as [17]
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where the first integral refers to the incoherent component of the transition radiation (ITR) and
the second integral refers to the coherent one (CTR). Here, g(p) is the momentum distribution
function, E‖ and E⊥ are the Fourier transforms of the electric fields in the plane parallel and
perpendicular to the radiation plane (defined by the directions of the target normal and the
direction of observation) and F is a coherence function that takes into account the exact time
and position at which electrons reach the interface.
Expressions for E‖ and E⊥ can be found in [18] for the case of two media with generic
dielectric constant. However, for our purposes an interface that separates a perfect conductor
from the vacuum can be assumed, in which case the Fourier fields simplify, becoming [17, 18]
E‖(β, µ, u, φ, ψ)=
u cosψ[u sinψ cos(φ−µ)− (1 + u2)1/2 sinβ]
[(1 + u2)1/2− u sinψ cos(φ−µ) sinβ]2− u2 cos2 ψ cos2 β , (2)
E⊥(β, µ, u, φ, ψ)=
u2 cosψ sinψ sin(φ−µ) cosβ
[(1 + u2)1/2− u sinψ cos(φ−µ) sinβ]2− u2 cos2 ψ cos2 β , (3)
where u is the normalized momentum, u =
√
γ 2− 1, and all the other variables are shown in
figure 1(a).
In the simplest case of a single particle traversing normal to a plasma–vacuum interface,
TR is radially polarized, since E⊥ = 0 for ψ = 0. In other words, the electric field oscillates in
the radiation plane (figure 1(b)). For a particle that does not traverse normal to the interface
the radiation is not radially polarized and a component normal to the radiation plane appears
(figure 1(c)). In this general case, the polarization state is dependent on both the particle’s
momentum vector p and the direction of observation k. Thus for a given set of observation
angles the polarization state of the radiation carries information on the direction of the particles
as they escaped the rear surface. This will be used for later considerations, to estimate the
direction of the electrons from the polarization state of the radiation.
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Figure 1. (a) Geometrical parameters involved in the calculations of TR. Here p
is the particle’s direction, k is the wave (observation) vector and z is the normal
to the target rear surface. (b) For a charge crossing normal to the interface,
the radiation is radially polarized. The magnetic field (not shown) is azimuthal.
(c) In general, there is a component of the electric field parallel and normal to
the radiation plane.
3. Experimental results
The experiments were performed with the Vulcan CPA laser operating with wavelength
λL = 1.054µm and pulse length 580± 114 fs.
3.1. Experiment 1
A series of shots were taken with ∼300 J of energy on target (experiment 1). The p-polarized
laser pulses were focused by an f/3 parabola to a full-width at half-maximum (FWHM) spot
size w0 ≃ 8µm and a peak intensity I ∼ 1021 W cm−2 on to a range of flat Au foils of varying
thickness at an angle of incidence of ≃40◦. The target rear surface was imaged at ≃55◦ from
the target normal and ≃15◦ from the laser axis in the horizontal plane onto two 16-bit CCD
cameras equipped with 2ω0 interference filters and polarizers. The magnification was ×5 with
a theoretical resolution of 5µm.
Figure 2(a) shows an image of the rear-surface emission from a 5µm Au target. The image
is horizontally polarized over the whole region. This is true for the extended halo as well as
for the brightest central emission. Hence the emission is not thermal, and the uniformity of the
polarization is also inconsistent with it being SR. The measurement is, however, consistent with
it being radially polarized TR viewed in the horizontal plane.
The overall size of the emission region is larger than 200µm. This can be partly justified
by the fact that the prepulse acts so as to effectively increase the thickness of the target prior
to the arrival of the main pulse. The presence of a prepulse can have significant effects on the
physics of electron generation and proton acceleration [19, 20]. Measurements performed on the
same laser system as in our experiment have shown that the distance from the critical surface
for λL = 1.054µm to the initial target front surface is as high as 30µm for the case of copper
targets [21]. In these conditions and assuming that ballistic propagation applies, electrons would
have to travel up to angles of 70◦ to the target normal in order to produce the emission region
seen in the experiment.
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Figure 2. Experiment 1. Optical images at 2ω0 for (a) 5µm, (b) 15µm and
(c) 25µm Au targets. (a) Left and central panels correspond to horizontal and
vertical polarization, respectively, and the right panel is the resulting polarization
map. (d) Radius of emission evaluated at 12 , 1/e and 1/e2 of the maximum
intensity.
However, measurements of Kα and XUV radiation made on the same laser system
and with comparable target thicknesses have shown that the overall beam size is limited to
80–130µm [6], largely below our observations. Thus a likely explanation for this large emission
area is that, while the bright central coherent transition radiation (CTR) emission is due to
electrons escaping the target, the surrounding region is due to electrons refluxing at the target
boundaries [22, 23]. Scattering and collisional losses should affect the propagation of these
refluxing electrons that are therefore expected to emit incoherent radiation.
We also note that the CTR signal strength decreases with increasing target thickness, as
expected, but the spatial extent of the emission remains relatively unchanged (figure 2(d)).
For thicker targets (thickness >100µm), previous measurements have shown an increase
in emission size with target thickness, consistently with the hypothesis of ballistic
transport [10, 11].
3.2. Experiment 2
A further scan was performed on targets with varying rear-surface wedge angle. For these shots,
an energy of up to 60 J on target was focused with ≃35% of the energy within w0 ≃ 6µm,
to give I ∼ 8× 1019 W cm−2. In this case the p-polarized pulses were incident at a fixed angle
of 8◦ to the target normal.
The radiation was collected using an f/3.5 imaging system, centered at ≃33◦ from the
normal to the target front (i.e. ≃41◦ to laser axis) in the horizontal plane, with magnification
×9.4 and theoretical resolution of 3µm. The radiation was split into two orthogonal
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Figure 3. Experiment 2. (a) Experimental setup: I Wollaston prism and II 2ω0
interference filter; α is the angle of the wedge. (b) Spectrum for α = 35◦, showing
in detail the third harmonic.
polarizations with a Wollaston prism and imaged onto the same chip of a 2ω0 filtered 16-bit
CCD camera.
The radiation was also spectrally resolved from the NIR to the UV using an optical
spectrometer with resolution ∼1 nm. The harmonics of the laser frequency ω0 were recorded in
the emission, most strongly at 2ω0, but also at 1ω0, 3ω0 and 4ω0 (e.g. figure 3(b)). This supports
the fact that the emission is mainly CTR at the harmonics of the laser frequency, indicating a
combination of resonant and j×B heating [11].
Cu wedges with angles of α = 10◦, 20◦ and 35◦, as well as a 50µm flat (α = 0◦) target,
were used (figure 3(a)). The interaction point was chosen to ensure that the distance from the
front to the rear surface was 50µm for each target, thus keeping the effective foil thickness
constant. The use of wedge targets allowed the angle that the fast electron beam formed to
the rear surface to be varied without significantly changing the absorption at the front surface.
Hence it can be assumed that the fast electrons produced in the interaction for all these targets
had similar properties (temperature, direction, temporal envelope). As the collection optics were
at a fixed position, this also enabled a variation of the angle of observation β, which is the angle
between the rear side target normal and the direction of observation12 (figure 1(a)).
In the following, two properties of the data collected in this campaign (experiment 2) will
be discussed, as a function of the angle of observation β:
1. the polarization state of the radiation, from which an estimate for the direction of the
electron filaments diagnosed by our imaging system will be inferred;
2. the integrated signal level recorded on the CCD camera, from which an estimate for the
size of the electron filaments responsible for the CTR signal will be inferred.
3.2.1. Polarization data—direction of the electron filaments. The radiation exhibited a high
degree of polarization that was dependent on the wedge angle α (figure 4). As for experiment 1,
these images also exhibit a wide polarized halo surrounding the bright central CTR, most clearly
seen in figure 4(c) for the case of the 10◦ wedge target. On the right side of this image, for both
polarizations, a bright line of emission is seen from the target edge. This edge was not visible
for the 20◦ and 35◦ wedge target, most likely because the filtering level had to be substantially
increased due to the strong increase in signal level with α (see section 3.2.2). Both the extended
12 Note that the angle of the wedge α and the angle of observation β only differ by a constant term, therefore in
what follows they can be regarded as equivalent quantities.
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Figure 4. Experiment 2. Polarization analyzed images; lhs horizontal
polarization and rhs vertical polarization for (a) 50µm foil (α = 0◦), (b) 35◦
wedge and (c) 10◦ wedge (here the top is horizontal polarization and the bottom
is vertical polarization). The center is overexposed to enhance target visibility.
Note that the peak intensity varied by more than three orders of magnitude from
α = 0◦ to 35◦. The reason for this is clarified in section 3.2.2.
halo and the target-edge emission are at distances far from the initial interaction region in
figure 4(c). Therefore, these effects can also be attributed to electron recirculation. Ion emission
from the edge of solid targets has been observed previously [24], and has also been attributed to
the dynamics of electrons transported through the targets by recirculation.
For flat targets the dominant polarization was horizontal, as before. However, increasing
the wedge angle increased the relative contribution of the vertical polarization, as expected
for TR.
A mean direction for the electrons diagnosed by our imaging system can be inferred from
the dependence of the polarization state on the angle of observation β. Our choice has been to
identify this polarization state by the ratio of the horizontal to the vertical polarization. For this
analysis, the CTR component of equation (1) was integrated over the solid angle of the collection
optics. The form factor F was evaluated, as shown in the next paragraph, 3.2.2; however, it is
not of relevance for the present discussion. For each wedge target, the direction δ of a collimated
beam of electrons was varied with respect to the front side target normal (which was not varied
for the different wedge targets), as shown in the sketch of figure 5. For each of these directions,
integration of equation (1) over the solid angle of the imaging system gives rise to a particular
value of this polarization ratio. This process was then repeated for a different wedge target.
Figure 5 shows the results for varying δ compared to the experimental results at different β
(or, equivalently, α). The analysis suggests that the electron filaments diagnosed by the imaging
system were directed within or close to the cone of the collection optics, i.e. δ ∈ [25◦, 42◦]. This
conclusion is also supported more directly by noting the distance of the main CTR from the
laser axis in figure 4(c), which can be determined by measuring the distance from the target
edge: the position of the CTR signal is within the cone of the first lens.
This result is expected, since for relativistic electrons the angular distribution of TR is
confined to small angles along the particle’s direction of propagation. The (theoretical) amount
New Journal of Physics 12 (2010) 073016 (http://www.njp.org/)
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Figure 5. Experiment 2. Variation of the polarization ratio with observation
angle β. Experiment (black circles) and theoretical predictions for different
directions δ of electron beams (dashed lines). The shaded region is obtained
assuming electrons directed within the observation cone of the imaging system,
δ ∈ [25◦, 42◦]. The relevant parameters are summarized in the sketch on the left.
of radiation collected by the imaging system as a function of δ, and for two different wedge
targets (α = 0◦, 35◦), is shown in figure 6. It is clear that electrons going towards the collection
optics (denoted by the two vertical broken lines) are more easily detected by the imaging system.
These plots are made assuming a Boltzmann momentum distribution for the fast electrons, with
temperature Te [17].
3.2.2. Signal intensity data—size of the electron filaments. The size of the main bright source
of radiation in figure 4 is limited by the resolution of the imaging system. A measure of this size
can also be obtained by using the angular distribution of the radiated energy, which for CTR
should be strongly dependent on source size. Such an angular distribution was obtained from
the intensity of the CTR for the different wedge targets.
To interpret the variation of the signal intensity with wedge angle, it is important to retain
all the parameters in the CTR component of equation (1). In particular, the role of the form
factor F is essential in this case. Physically, this term accounts for the phase difference of the
waves emitted at the rear of the target. Therefore it depends on the time and position at which
each electron reaches the back surface. Assuming that a train of impulsive electron bunches is
produced at the front surface, that the beam is collimated and that the transverse profile of the
electron beam is Gaussian, F is given by
F = G sin(nbωobsδT /2)
sin(ωobsδT /2)
exp
[
−1
2
(
πD2σ
λobs
)2
sin2 β
]
. (4)
Here, δT is the bunch period, nb the number of bunches and D2σ the diameter of the beam
at 1/
√
e maximum intensity. The effect of the quantity G (for which we do not give a full
expression since it is not relevant for this discussion) is mainly a decrease in signal strength
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Figure 6. Total normalized energy collected by the imaging system as a function
of the electron direction δ (measured with respect to the front side target normal,
as in the sketch of figure 5), for (a) a flat target and (b) a 35◦ wedge target and for
different electron temperatures (blue: 2 MeV, green: 5 MeV, red: 10 MeV, cyan:
20 MeV). The two broken lines mark the range of angles included in the cone
of the first lens. Each curve is rescaled to its maximum value, in general more
energy is radiated at higher temperatures.
with target thickness. The second term in equation (4) gives rise to harmonics of the bunch
frequency in the spectrum, as reported previously [11, 13, 14].
The third term in equation (4) is the result of the Fourier transform of the transverse profile
of the electron current [17, 25, 26]. It can be understood by analogy with classical diffraction
in the far-field (Fraunhofer) approximation. The radiation emitted from the rear surface can be
thought of as the diffraction of a plane wave by a circular aperture with a Gaussian transmission
function. When the angle of observation β differs from zero, this term leads to a rapid decrease
in intensity, depending on the transverse size of the beam D2σ . This idea was suggested by
Zheng et al [25] but, to our knowledge, in all previous experiments the observation angle was
kept constant.
The data in figure 7 are consistent with this interpretation: the signal level varied by more
than three orders of magnitude from the flat target (α = 0◦) to α = 35◦. The data have been
fitted for different beam sizes. The electron temperature was assumed to be Te = 10 MeV, but
the dependence on Te is weak. A best fit over all the experimental data implies an FWHM
diameter D = 1µm13 but the fall-off in signal strength at large β is too strong. A better fit is
found if only the data for α = 0◦, 10◦ and 20◦ are considered. In this case, the best fit is for
D = 0.8µm. For D = 0.5µm the calculated fall-off in signal would be slower than measured;
for D = 2.0µm it would be too strong.
It is interesting to note that the inferred beam diameter is considerably smaller than the
resolution of the imaging system, which was >3µm. This might seem paradoxical; however, it
is a simple application of Fourier optics: if the transmission function of the ‘diffracting screen’ is
known and depends on one parameter only (the size of the aperture in this case), the knowledge
of the angular distribution of the radiation is sufficient to determine the unknown parameter.
The real advantage of imaging rather than using the angular distribution of the radiation is
13 Note that for this discussion we refer to the FWHM diameter D rather than to D2σ .
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that in the former case no assumptions are made on the shape of the aperture, which is in
fact directly measured. In our approach we assumed a Gaussian transmission function. As will
be shown in the next section, when collisions are taken into account, this seems a reasonable
assumption.
4. Discussion
An accurate modeling of the physics behind a laser–solid interaction at relativistic intensities
is a complex task that has not been accomplished to date. It would not only require massive
computational resources in order to resolve the Debye length, which is typically on the scale of
nanometers at cold solid densities, but also require a significant step in understanding electron
generation and transport through an initially cold solid material.
Despite this, a large number of simulation results are available in the literature, under some
necessary simplifications, which demonstrate the formation of µm-scale filaments directed over
a wide range of angles [27, 28]. Moreover, direct imaging of rear-surface emission has recently
suggested the presence of filaments as small as 2µm and with a mean size of 4µm for intensities
of ∼1019 W cm−2 onto a range of different targets [29, 30]. Our results indicate that at higher
intensities, the filament size can be below that observable with traditional imaging techniques.
However, in experiment 2 these filaments would have to propagate through ≃50µm of
solid Cu, where angular scattering would be expected to cause rapid transverse expansion.
Neglecting energy loss and assuming small total angular deflection, this ‘beam blooming’,
defined as the variance of the transverse beam size due to scattering [31], can be written as
B ≈ e
2
2
√
3πε0
Z
√
na ln3s
s3/2
pv
, (5)
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where s is the distance traveled, Z the atomic number and na the atom number density; 3s is a
term that depends on the electron–atom scattering cross section and p and v are the momentum
and velocity of the electron, respectively. This result has been found to give excellent agreement
with modeling using the Monte Carlo part of the code described in [32], where the angular
scattering was found to lead to a Gaussian transverse density profile. Equation (5) shows that
to obtain an FWHM (≡ 2√2 ln 2B for a Gaussian profile) smaller than 1µm requires electrons
with energies > 60 MeV, for all realistic values of 3s . Electrons with such high energies would
be little affected by any plausible magnetic fields within the target.
However, this electron energy is well above the ponderomotive potential of the laser
(≃ 4 MeV) and an electron spectrometer placed along the laser axis in experiment 2 did not
detect any electrons with energies above 30–40 MeV. Even though energy loss experienced
by electrons in leaving the target could reduce this discrepancy, it appears that a simple
interpretation of these results in terms of ballistic propagation, as has been used in the past,
is not adequate. The influence of self-generated electric and magnetic fields inside the target, as
well as collisions, should be considered. The results from the code LSP, which includes all of
these effects, for parameters close to those of this experiment have shown no sign of filaments at
0.5 ps for intensities up to 1019 W cm−2, but exhibit filaments 1–2µm wide at 1020 W cm−2 (see
figure 12 in [28]). In addition, resistive filamentation [33], rear-surface magnetic focusing [34]
and instabilities associated with the electron sheath at the back surface may contribute to the
observed small emission size.
5. Conclusions
In conclusion, we have presented the first polarization-resolved measurements of optical
radiation emitted from the back of laser-illuminated solid targets and the first measurements of
the effect of the angle of the back surface on this emission. The polarization allows us to identify
the emission as principally CTR and not SR, CWE or thermal radiation. From the polarization
properties of this radiation we have inferred the presence of electrons recirculating inside the
target and deduced that the major contribution to the signal is due to electrons directed towards
the imaging system. We have also shown that coherent TR can be used to directly characterize
the source size with unprecedented spatial resolution, showing that it has an FWHM from 0.8 to
1µm. Understanding the formation and behavior of these small-scale structures will be of vital
importance for applications of high-intensity laser physics.
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